The 27 kDa protein encoded by ORF3 of Groundnut rosette virus (GRV) is required for viral RNA protection and movement of viral RNA through the phloem. Localization studies have revealed that this protein is located in nuclei, preferentially targeting nucleoli. We have demonstrated that amino acids (aa) 108-122 of the GRV ORF3 protein contain an arginine-rich nuclear localization signal. Arginine-to-asparagine substitutions in this region decreased the level of the ORF3 protein accumulation in nuclei. A leucine-rich nuclear export signal (NES) was located at aa 148-156 of the GRV ORF3 protein. Leucine-to-alanine substitutions in this region resulted in a dramatic increase in GRV ORF3 protein accumulation in both nuclei and nucleoli. Consistent with this, we also showed that the previously identified NES of BR1 protein of Squash leaf curl virus can functionally replace the leucine-rich region of GRV ORF3 in nuclear export.
The 27 kDa protein encoded by ORF3 of Groundnut rosette virus (GRV) is required for viral RNA protection and movement of viral RNA through the phloem. Localization studies have revealed that this protein is located in nuclei, preferentially targeting nucleoli. We have demonstrated that amino acids (aa) 108-122 of the GRV ORF3 protein contain an arginine-rich nuclear localization signal. Arginine-to-asparagine substitutions in this region decreased the level of the ORF3 protein accumulation in nuclei. A leucine-rich nuclear export signal (NES) was located at aa 148-156 of the GRV ORF3 protein. Leucine-to-alanine substitutions in this region resulted in a dramatic increase in GRV ORF3 protein accumulation in both nuclei and nucleoli. Consistent with this, we also showed that the previously identified NES of BR1 protein of Squash leaf curl virus can functionally replace the leucine-rich region of GRV ORF3 in nuclear export.
Umbraviruses are non-segmented positive-strand RNA viruses that differ from most other plant viruses in that they do not encode a conventional capsid protein (CP). Thus no recognizable virus particles are formed in infected plants. Umbraviral genomes encode at least three proteins. Two open reading frames (ORFs) at the 59 end of the RNA are expressed by a 21 frameshift mechanism to give a single protein that appears to be an RNA-dependent RNA polymerase (Demler et al., 1993; Gibbs et al., 1996; Taliansky et al., 1996) . The other two ORFs overlap each other in different reading frames. ORF4 encodes a 27-29 kDa protein, which contains stretches of similarity with several plant virus-encoded movement proteins (MPs), which mediate the movement of viral RNA from cell to cell via plasmodesmata (Taliansky et al., 1996; Gibbs et al., 1996) . In gene replacement experiments, the protein encoded by ORF4 of the umbravirus Groundnut rosette virus (GRV) was shown to be able to functionally replace the MPs of unrelated plant viruses (Ryabov et al., 1998 (Ryabov et al., , 1999a . Umbraviral 26-29 kDa ORF3 proteins show no significant similarity with any recorded or predicted proteins other than each other (Taliansky et al., 1996) . ORF3 proteins have been shown to stabilize Tobacco mosaic virus (TMV) RNA and facilitate its long-distance movement within infected plants, replacing TMV CP, which is normally essential for both these functions (Ryabov et al., 1999b (Ryabov et al., , 2001 ). These properties suggest that ORF3 proteins can interact with viral RNA to protect it and transport it to and through the phloem. In support of this hypothesis, it has been shown that GRV-encoded ORF3 protein is able to interact with viral RNA to form filamentous ribonucleoprotein (RNP) particles, which have elements of regular helical structure but not the uniformity typical of virus particles .
In infected cells, GRV ORF3 protein expressed as a fusion protein with green fluorescent protein (GFP) from a TMV vector was located in cytoplasmic granules, some of which were associated with TMV-specific amorphous X-body inclusions, and also in nuclei, preferentially targeting nucleoli (Ryabov et al., 1998) . To confirm nuclear localization of the GRV ORF3 protein in the case of native GRV infection, Nicotiana benthamiana leaf tissue systemically infected with GRV (YB isolate) was analysed by immunoelectron microscopy using antibodies against the ORF3 protein, as described by Ryabov et al. (1999a) . Although in healthy (control) tissues gold label was occasionally found in nuclei non-specifically associated with chromatin, it was never detected in nucleoli. In contrast, in GRV-infected cells the label was found not only in the nucleus but also the nucleolus, indicating specific incorporation of the ORF3 protein in the nucleolus and therefore in the nucleus (Fig. 1  a, b) . Localization of GRV ORF3 in the nucleus indicates that this protein can be transported between cytoplasm and nucleus during the course of virus infection. As a first step towards understanding the functions of GRV ORF3 protein in nuclei and nucleoli, we mapped regions of the GRV ORF3 protein that are involved in nucleocytoplasmic shuttling.
A series of constructs was made that encoded modified GRV ORF3 protein sequences, with GFP fused to each N terminus. Changes were introduced into the GFP-GRV ORF3 coding sequence of the construct pTMV.GFP-3/4 generated previously (Ryabov et al., 1998) by overlapextension PCR using self-complementary mutagenic primers (Higuchi et al., 1988) . DNA fragments encoding the mutagenized GFP-GRV ORF3 fusion proteins were then inserted into the TMV-based vector p30B (Fig. 2) . A summary of amino acid substitutions made in the GRV ORF3 region of the fusion proteins expressed by the TMV vector are shown in Table 1 . Preparation of DNA templates, in vitro RNA transcription and mechanical inoculation of plants were carried out as described by Ryabov et al. (2001) . Fluorescent foci of infection were visible under illumination with long-wave UV light, 3-4 days post-inoculation, in the leaves of N. benthamiana plants Immunogold labelling of the section was carried out using polyclonal antibodies raised against a synthetic peptide corresponding to part of the sequence of the GRV ORF3 protein (aa 71-92) and goat antirabbit secondary antibody conjugated to 15 nm gold particles. Nu, nucleus; No, nucleolus. Bar, 500 nm. (c-h) Intracellular localization of free GFP and GFP fusions with GRV ORF3 arginine-rich-domain and leucine-rich-domain mutants expressed from the TMV-based vector. Only areas of the cells that include the nuclei and immediate surrounding cytoplasm are shown. For GFP imaging, excitation at 450-490 nm with an emission filter of 520 nm was used (top panels). For DAPI imaging, excitation at 356 nm with an emission filter of 420 nm was used (bottom panels). The positions of nuclei in the top panels are indicated with dashed lines. Chloroplast autofluorescence appeared red with filters for GFP. All cells are shown 7 days postinoculation with the TMV vector constructs expressing free GFP (c), GFP-GRV ORF3 (d), GFP-GRV ORF3(RN) (e), GFP-GRV ORF3(LA) (f), GFP-GRV ORF3-SqLC-NES (g) or GFP-GRV3-SqLC-NES(LA) (h). Bars, 10 mm. inoculated with TMV-based in vitro transcripts expressing the GFP-tagged GRV ORF3 mutants. The size of all foci and intensity of GFP fluorescence at the time of sampling were approximately the same for all constructs described in Table 1 and were similar in brightness to infection foci induced by TMV expressing free GFP (data not shown). To assess the subcellular localization of each GFP-tagged fusion protein, fluorescent lesions were excised from inoculated leaves of N. benthamiana plants 7 days post-inoculation. Vacuum infiltration of leaf tissues with paraformaldehyde, fixation, embedding in agarose and sectioning in a cryostat were carried out as described by van Wezel et al. (2003) . To locate nuclei precisely, sections were mounted in a buffer containing 49,69-diamidino-2-phenylindole (DAPI) and the same cells were photographed with different filters to visualize GFP and DAPI fluorescence (Fig. 1c-h ). Digital images were used to quantify the levels of accumulation of GFP-tagged proteins in the cytoplasm and nucleus using ImageJ Software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). To determine the proportion of GFP-tagged GRV ORF3 proteins that had accumulated in the nucleus (Table 1) , the GFP fluorescence was quantified on the images obtained with GFP-specific filters in the areas of the images corresponding to the entire cells and to the nuclei of the same cells (Fig. 1 shows only areas of cells including the nuclei and immediately surrounding regions; entire cells are not shown).
Analysis of the predicted amino acid sequence of the GRV ORF3 protein showed the presence of several arginine-and lysine-rich clusters. Nevertheless, only one of these regions, amino acids (aa) 108-122, showed considerable arginine conservation among all known umbraviral ORF3 sequences. This region contained five arginine residues, three of which (positions 111, 115 and 122) were conserved . Clusters of basic amino acids were shown to act as a 'classical' nuclear localization signal (NLS) typified by those of SV40 T antigen (Kalderon et al., 1984) and nucleoplasmin (Robbins et al., 1991) . The sequences of 'classical' NLSs do not fit a tight consensus (Gorlich & Mattaj, 1996) ; therefore, we suggested that the region of aa 108-122 of GRV ORF3 protein may serve as a NLS. To test this hypothesis we replaced all the arginine residues (aa 108, 110, 111, 112 and 115) with asparagine to generate the construct pTMV.GFP-GRV3(RN). Basic arginine residues were replaced with polar and neutral asparagine residues *Amino acid changes in the GRV ORF3 protein sequence are underlined; arginine and leucine residues conserved among umbraviral ORF3 proteins are shown in bold.
DRelative levels of accumulation of the GFP-tagged wild-type and mutant forms of GRV ORF3 proteins in the nucleus (shown in Fig. 1 ) and cytoplasm (not shown) were quantitatively assessed in 10-15 cells using ImageJ software. Data are means±SD. dGFP fusion with the wild-type GRV ORF3 protein expressed from pTMV.GFP-3/4 (Ryabov et al., 1998) . §Viral vector constructs used for expression of the corresponding fusion proteins are designated by addition of the prefix pTMV. ||The sequence is identical to aa 146-156 of the wild-type GRV ORF3 protein.
The sequence is identical to aa 108-122 of the wild-type GRV ORF3 protein.
rather than with hydrophobic alanine residues to ensure that the mutagenized region had a hydropathy similar to that of the wild-type GRV ORF3 protein. Indeed, similar hydropathy profiles were obtained for the wild-type GRV ORF3 protein and for GRV ORF3(RN) proteins using an algorithm described by Kyte & Doolitle (1982) (data not shown).
In N. benthamiana plants inoculated with RNA transcripts from pTMV.GFP-GRV3(RN), nuclear (and nucleolar) accumulation of the GFP-GRV3(RN) protein was dramatically reduced (or not observed at all) compared with the wild-type GFP-GRV3 fusion protein ( Fig. 1d and e ; Table 1 ). This could be the result of disruption of the nuclear import of GFP-GRV3(RN). In contrast, free GFP expressed from the TMV vector was clearly visible in the nucleoplasm without specific association with nucleoli (Fig. 1c) . The molecular mass of the GFP-GRV ORF3 fusion proteins (approximately 58 kDa) exceeds the size exclusion limit of the nuclear pore and thus cannot diffuse passively into the nucleus (Nigg, 1997) . Therefore, the lack (or reduced rate) of nuclear import of the GFP-GRV3(RN) protein is the most likely cause of the reduced, or absence of, accumulation of the fusion protein in the nucleoplasm, thus confirming the suggestion that the region of aa 108-122 of GRV ORF3 protein acts as a NLS.
Inspection of the predicted amino acid sequence of the GRV ORF3 protein revealed that the region between residues 148 and 156 contains five leucine residues, three of which (positions 150, 153 and 154) are conserved among all umbraviral ORF3 proteins . Leucine-rich hydrophobic sequences of 10-13 aa have been identified as an essential nuclear export signal (NES) (Wen et al., 1995; Gorlich & Mattaj, 1996; Nigg, 1997; Haasen et al., 1999) in a wide range of proteins that shuttle between the nucleus and cytoplasm, including the Rev protein of Human immunodeficiency virus 1 (Fischer et al., 1995) , transcription factor TFIIIA from Xenopus (Fridell et al., 1996) and the BR1 protein of Squash leaf curl virus (SqLCV) (Ward & Lazarowitz, 1999) .
To test the possible involvement of the leucine-rich region of the GRV ORF3 protein (aa 148-156) in nuclear export, we substituted GRV ORF3 protein leucine residues 148, 149, 152, 153 and 156 with alanine residues to produce the construct pTMV.GFP-GRV3(LA). N. benthamiana plants inoculated with this construct showed the presence of aggregates of the GFP-GRV ORF3(LA) protein in nuclei at much higher levels compared with accumulation of the GFP fusion with wild-type GRV ORF3 (Table 1 ; Fig. 1d and f). This higher level of GFP-GRV ORF3(LA) protein accumulation in nuclei (Table 1 ) compared with GFP fused to the wild-type GRV ORF3 protein suggested that the leucine-rich region of GRV ORF3 act as a NES. Nevertheless, it cannot be completely ruled out that leucine-to-alanine substitutions may contribute to better nuclear import of the protein. To confirm that the leucine-rich region of GRV ORF3 protein (aa 148-156) is a NES, we used an approach that exploits the ability of NESs derived from different proteins functionally to replace one another (Wen et al., 1995; Haasen et al., 1999; Ward & Lazarowitz, 1999) . For example, the NES derived from Xenopus TFIIIS protein can functionally replace the NES of BR1 protein of SqLCV in nuclear export (Ward & Lazarowitz, 1999) . We prepared a TMV vector construct, pTMV.GFP-GRV3-SqLC-NES, that expressed GFP-tagged GRV ORF3 proteins containing the NES sequence of the BR1 protein of SqLCV (the region between aa 184 and 194; Ward & Lazarowitz, 1999) inserted in place of the putative GRV ORF3 NES (the region between aa 147 and 157). In addition, the construct pTMV.GFP-GRV3-SqLC-NES(LA), which contained the NES of SqLCV BR1 in which leucine residues essential for nuclear export (Ward & Lazarowitz, 1999) were substituted by alanine residues (see Table 1 and Fig. 2) , was used as a control. Fluorescence microscopy of infection foci induced by the viral construct TMV.GFP-GRV3-SqLC-NES showed that the level of GFP-GRV3-SqLCV-NES accumulation in nuclei was similar to that of the wild-type GRV ORF3 fusion protein (Table 1 and Fig. 1d and g ), while substitution of the leucine residues in the BR1 SqLCV NES sequence inserted into the GRV ORF3 protein [TMV.GFP-GRV3-SqLC-NES(LA) construct] resulted in a significant increase in GFP-GRV3-SqLCV-NES(LA) protein accumulation in nuclei (Table 1 and Fig. 1h ). These results strongly supported the suggestion that the leucine-rich region (aa 148-157) of GRV ORF3 is essential for nuclear export.
Regulation of bidirectional trafficking of macromolecules between the nucleus and cytoplasm through the nuclear pore complex lies at the core of many fundamental cellular processes. Nucleocytoplasmic shuttling in plant cells has been reported for proteins such as transcription factors that function in the nucleus and proteins of DNA viruses that replicate in the nucleus (Kosugi & Ohashi, 2002; Sanderfoot & Lazarowitz, 1995; Sanderfoot et al., 1996) . Replication of GRV occurs in the cytoplasm, where the GRV ORF3 protein forms RNP complexes that presumably take part in viral RNA protection and its long-distance phloem-associated movement. The importance of nuclear import and export of GRV ORF3 protein is supported by the observation that the NLS and NES of the GRV ORF3 protein, which account for approximately 10 % of the umbraviral ORF3 protein sequence, were the most conserved regions (data not shown).
Characterization of the NES and NLS of the GRV ORF3 protein provides the basis for further research aimed at elucidating the role of nuclear involvement of the ORF3 protein in the development of umbravirus infection and the biological significance of its nuclear-cytoplasmic shuttling.
